Almost all proteins mediating transcriptional activation from promoter-distal sites attach themselves, directly or indirectly, to specific DNA sequence elements. Nevertheless, a single instance of activation by a prokaryotic topologically linked DNA-tracking protein has also been demonstrated. The scope of the latter class of transcriptional activators is broadened in this work. Heterologous fusion proteins linking the transcriptional activation domain of herpes simplex virus VP16 protein to the sliding clamp protein ␤ of the Escherichia coli DNA polymerase III holoenzyme are shown to function as topologically DNAlinked activators of yeast and Drosophila RNA polymerase II. The ␤:VP16 fusion proteins must be loaded onto DNA by the clamp-loading E. coli ␥ complex to be transcriptionally active, but they do not occupy fixed sites on the DNA. The DNAloading sites of these activators have all the properties of enhancers: they can be inverted and their locations relative to the transcriptional start site are freely adjustable.
Regulation of transcription frequently involves cis-acting genomic sites that are located at some distance from the transcribed DNA and serve as assembly points for multiprotein regulatory complexes. It has been convincingly shown that some of these regulatory protein complexes convey their effects on transcription by making direct protein-protein contacts with the core transcription machinery, and it is generally assumed that transcriptional regulation by sitespecific DNA-binding proteins is generated by such direct through-space interactions, with the connecting DNA looped out (1) (2) (3) (4) (5) (6) .
Other mechanisms of action can also be imagined (7) , and prior work on the connection between DNA replication and expression of the late genes of bacteriophage T4 provides clear-cut evidence for a mechanism of transcriptional activation that is different in kind. Transcription of the T4 late genes is initiated at extremely simple promoters consisting of an 8-bp TATA box, but requires, in addition to the -family promoter recognition protein encoded by T4 gene 55 (gp55), a coactivator protein encoded by T4 gene 33 (gp33), and a transcriptional activator encoded by T4 gene 45 (gp45), acting through enhancer-like DNA-entry sites (8) (9) (10) .
gp45 is the ''sliding clamp'' of the T4 replication machinery, serving to increase the processivity and speed of replicative DNA chain elongation (11) (12) (13) . The homologs of gp45 in cellular DNA replication are the ␤ subunit of Escherichia coli DNA polymerase III holoenzyme and, in eukaryotes, the proliferating cell nuclear antigen (PCNA) (14, 15) . Each sliding clamp has the form of a ring with a central channel large enough to accommodate a DNA duplex; PCNA and gp45 are trimeric and ␤ is a dimer (16, 17) . Each protein tethers its conjugate DNA polymerase to the DNA template, and each sliding clamp requires a conjugate assembly factor (the ''clamp loader'') acting at a suitable loading site, such as a nick or gap in double-stranded DNA or a double strand-single strand DNA junction. The specific loading factors of gp45 and ␤ are the gp44͞62 and ␥ complexes of the respective DNA polymerase holoenzymes. Loading of the sliding clamps onto DNA requires ATP hydrolysis; once they have been loaded, clamps slide freely along DNA by one-dimensional diffusion (14, 15, 18) .
For gp45, the DNA-entry site functions as a transcriptional enhancer. Transcriptional activation requires a continuous and unobstructed path from the enhancer to the T4 late promoter, with which gp45 eventually becomes stably associated, situated at the upstream end of the transcription initiation complex, in close vicinity to, and interacting with, gp55 and gp33 (8, 9, 19, 20) .
The preceding summary explains that proteins mediating transcriptional regulation from promoter-distal cis-acting sites are of two kinds: those that are physically fixed to specific DNA sequence elements and those that are topologically linked to DNA, but mobile in the one-dimensional space of the DNA thread. A ''standard model'' supported by diverse evidence describes the mode of action of a very large number of physically DNA-linked transcription-regulatory proteins (21) (22) (23) . In contrast, only a single case of transcriptional activation by a topologically constrained DNA-tracking protein has thus far come to notice (20) . We have addressed this imbalance by exploring the possibility of transcriptional activation of eukaryotic RNA polymerase by a topologically linked transcription factor. We show that chimeric proteins joining the transcriptional activation domain of herpes simplex virus VP16 to the E. coli sliding clamp ␤ activate transcriptional initiation by the yeast (Saccharomyces cerevisiae) RNA polymerase II holoenzyme and by Drosophila melanogaster RNA polymerase II.
MATERIALS AND METHODS
Protein Production and Purification. ␤-VP16 and VP16-␤ were overproduced in E. coli BL21 (DE3) harboring plasmid pLJ-1 and pLJ-12, respectively. pLJ-1 expresses a gene encoding the ␤ protein fused to amino acids 413-490 of VP16 (24) , and extended at the C end with the GSAWRHPQFGG streptavidin-affinity tag. pLJ-12 expresses a fusion gene encoding a protein with N-terminal sequence MHHHHHHPM followed by amino acids 413-490 of VP16, linked by a histidine residue to amino acids 1-366 of ␤. Complete sequences of these plasmids are available upon request. The streptavidintagged ␤-VP16 fusion protein was purified on a streptavidinagarose affinity matrix and eluted with 5 mM diaminobiotin. His-tagged VP16-␤ was purified on a metal affinity column and eluted with 100 mM imidazole. These proteins were at least 95% pure, as judged by SDS͞PAGE analysis.
Photochemical Crosslinking. DNA tracking was assayed by photochemical crosslinking of partly double-stranded circular DNA (18, 25) . For loading ␤-VP16 and ␤, the reaction mixture contained, in 15 l, the specified quantities of ␤-VP16, ␤, ␥ complex (a generous gift from M. O'Donnell, Rockefeller University), 40 pmol of E. coli single-stranded DNA-binding protein (SSB E ), and the specified concentrations of potassium acetate and polyethylene glycol (PEG; 3.3 kDa) in 33 mM Tris acetate, pH 7.8͞10 mM magnesium acetate͞0.8% (vol͞vol) glycerol͞250 M dATP. Loading of VP16-␤ and ␤ was done in the same reaction mixture, but with 100 mM Tris acetate, and without PEG. After incubation at 37°C for 15 min, samples were UV-irradiated, digested with nucleases, resolved by SDS͞PAGE, and detected by phosphorimaging and autoradiography.
In Vitro Transcription Assays. For transcription with the S. cerevisiae RNA polymerase II holoenzyme, each sample contained, in 25 l, 200 ng of gpII-nicked DNA preloaded with ␤-VP16, as specified, 24 ng of TATA box-binding protein (TBP), 40 ng of transcription factor TFIIB (26), 3 ng of TFIIE (27) 7 .8͞10 mM magnesium acetate͞100 mM potassium acetate͞0.8% (vol͞vol) glycerol͞10% (wt͞vol) PEG (3.3 kDa) with the indicated amounts of ␤-VP16, ␥ complex, and 500 M dATP for 15 min at 37°C, then added to 8 l of a mixture containing RNA polymerase II holoenzyme, TBP, TFIIB, TFIIE, and TFIIH, and RNA synthesis was started by adding 12 l of transcription buffer A (83 mM potassium Hepes, pH 7.8͞16 mM magnesium acetate͞3.2 mM dithiothreitol͞1.67 mM ATP͞1.67 mM CTP͞0.1 mM UTP͞10 Ci of [␣-32 P]UTP͞0.2 unit of Prime RNase inhibitor; 1 Ci ϭ 37 kBq). After 30 min at 23°C, transcription was terminated by adding 200 l of stop mixture (10 mM Tris⅐HCl, pH 7.5͞0.3 M NaCl͞5 mM EDTA͞0.1 mg͞ml glycogen͞12.5 units/ml RNase T1), and samples were processed as described (30) .
For transcription with the D. melanogaster soluble nuclear extract (31), 5 l of loading mixture containing 100 ng of template DNA, ␥ complex, VP16-␤, and 1 mM ATP, preincubated at 37°C for 2-15 min, was mixed with 12.5 l of transcription buffer B [12.5 mM potassium Hepes, pH 7.8͞50 mM KCl͞6.25 mM MgCl 2 ͞0.05 mM EDTA͞5% (vol͞vol) glycerol͞0.5 mM dithiothreitol] and with 5 l of soluble nuclear extract and histone H1 (32) . After incubation at 25°C for 2-4 min, 3 l of a solution containing 5 mM each of ATP, GTP, UTP, and CTP was added, and RNA synthesis at 25°C was terminated after 30 min. E4 transcripts were analyzed by primer extension.
RESULTS
Chimeric DNA-Tracking proteins. A topologically linked transcriptional activator modeled on the sliding clamps of the DNA polymerases must retain the ability to be loaded onto, and slide along, DNA (Fig. 1 ). The ␤:VP16 fusion proteins meet this criterion: attachment of the transcriptional activator domain of VP16 and affinity tags to the N or C terminus of ␤ does not interfere with dimerization, as judged by size exclusion chromatography (data not shown). ␤ interacts with its loading factor, the ␥ complex, through its C terminus (33) ; attaching the hoped-for transcriptional activator to this end of ␤ does affect the ability to be loaded onto DNA. Nevertheless, as judged by photochemical cross-linking (18, 25) (Fig. 1B) , ␤-VP16 can be loaded onto DNA in 10% PEG (3.3 kDa) (lanes 7, 8, and 11-13), although much less effectively than ␤ (compare lanes 1-4 with lanes 6-9) . Loading requires the ␥ complex (lanes 5 and 10) and dATP or ATP (data not shown).
VP16-␤ (the fusion protein with the transcriptional activator domain joined to the N terminus of the sliding clamp) does not require macromolecular crowding for DNA loading, but it also is less efficiently loaded than is ␤ (Fig. 1C) .
The activities of ␤-VP16 and of VP16-␤ as transcriptional effectors were examined in vitro. A form of yeast RNA polymerase II ''holoenzyme'' that requires supplementation with TFIIB, -E, and -H and TBP (29) , but retains mediator activity [and is consequently responsive to transcriptional activators such as Gal4-VP16 (29, 34) ], has been used to examine ␤-VP16. The transcription templates for these experiments (pLJ-5 and -6; Fig. 2A ) incorporate a single Gal4-binding site, upstream of a transcription unit consisting of the CYC1 core promoter and a G-less cassette (29) . pLJ-5 and -6 FIG. 1. ␤-VP16 and VP16-␤ can be loaded onto DNA. ␤-VP16 and VP16-␤ fuse a transcriptional activation domain of VP16 (24) and affinity tags to the C and N ends of E. coli ␤, respectively. DNA loading and tracking were assessed by photochemical cross-linking (18, 25) . also have a site Ϸ900 bp downstream of the CYC1 transcriptional start sites for introducing a nick that serves as the DNA-loading site of ␤-VP16. In pLJ-5 the nick is in the transcribed strand of the CYC1 transcription unit, and in pLJ-6 it is in the nontranscribed strand (as shown in Fig. 2 A) , allowing ␤-VP16 to be loaded onto these two plasmids in opposite orientation (20) . To examine activation of transcription by Drosophila RNA polymerase II, we constructed pLJ-17 to -20, each with five Gal4-binding sites upstream of the adenovirus E4 core promoter and a DNA-loading site for sliding clamps, inserted in either orientation and flanked by two symmetrical Lac operators (Fig. 2B) .
Transcriptional Activation of the Yeast Holoenzyme. Assessing activation of transcription by RNA polymerase II in vitro requires an adequately low baseline of unactivated transcription: raising the electrolyte concentration (29) and diluting out the PEG that is required for adequate loading of ␤-VP16 (Fig. 1B) proved satisfactory for the yeast holoenzyme. Fig. 3 A and B shows an example of effective transcriptional activation by ␤-VP16 on nicked pLJ-6 DNA. These activation levels (7-to 13-fold) were approximately half that mediated by Gal4-VP16 when assayed under similar conditions (data not shown). Fig. 3C shows that transcription of pLJ-5 and -6 by the RNA polymerase II holoenzyme was comparably activated by ␤-VP16, indicating that there is no absolutely preferred orientation of ␤-VP16 on DNA relative to the transcription initiation complex at the CYC1 promoter. ␤-VP16 was ineffective without ␥ complex (Fig. 3A, lane 1) , as was the ␥ complex in the absence of ␤-VP16 (not shown). Simply crowding the template with tracking ␤ (43, 44) generated little or no activation and, as might be anticipated in view of the relatively inefficient loading of ␤-VP16, ␤ interfered with transcriptional activation by ␤-VP16 (data not shown).
Activation of Drosophila RNA Polymerase II. RNA polymerase II in the Drosophila embryo soluble nuclear extract responds to transcriptional activators bound to promoterproximal sites (45) . The ability to detect activation is increased greatly by adding histone H1, which depresses basal transcription (32) . As shown in Fig. 4A , transcription of nicked pLJ-17 was weakly stimulated (Ϸ1.5-to 4-fold) by Gal4-VP16 (lane 3) and responded even more weakly to VP16-␤ (lane 2). Addition of histone H1 progressively depressed basal transcription, exposing strong activation by VP16-␤ and by Gal4-VP16 (Fig.  4 A and B) . Transcriptional activation required ␥ complex for loading VP16-␤ onto DNA (not shown), and ␤ did not substitute for VP16-␤ in transcriptional activation (Fig. 4B,  lane 3) . Only nicked pLJ-17 served as a vehicle for transcriptional activation by the sliding clamp; supercoiled DNA and relaxed covalently closed DNA were unresponsive to VP16-␤ (Fig. 4C) , although activated by Gal4-VP16 (not shown).
The DNA-Loading Site of VP16-␤ Is an Enhancer. Constraints on the placement of the DNA-loading site for VP16-␤ were examined by constructing plasmids pLJ-18, -19, and -20. In pLJ-18, the DNA nick is in the nontranscribed strand of the E4 transcription unit, at approximately the same distance from the promoter (Ϸ0.4 kbp) as in pLJ-17. In pLJ-19 and -20, the nick and the E4 promoter are almost at opposite poles of the 4.9-kbp plasmid, separated by Ϸ2 kbp of DNA. VP16-␤ activated transcription in all these plasmids to a comparable extent (Fig. 5A) . The ability to reverse polarity and to be moved over long distances defines the DNA nick in these plasmids as the conjugate enhancer of VP16-␤.
When the bacteriophage T4 sliding clamp activates T4 late transcription, it requires an unobstructed DNA track between its loading site and the late promoter (20) . The requirement for a clear track reflects the fact that the T4 sliding clamp exerts its effect on transcription as part of a compact promoter-bound cerevisiae CYC1 promoter and a G-less cassette transcription unit. G-less transcripts initiating at CYC1 are Ϸ350 and Ϸ370 nt in length (35, 36) . A DNA-loading site for ␤-VP16 is generated by cutting the nontemplate strand of this transcription unit with phage fd gpII endonuclease. In pLJ-5, the resulting DNA nick is located in the template strand. (B) pLJ-17 and -18 contain five Gal4-binding sites immediately upstream of the adenovirus E4 core promoter (base pairs Ϫ38 to ϩ250 relative to the major transcriptional start site). The gpII nicking site is located between two symmetrical lac operators (37, 38) , Ϸ390 bp from the RNA start site. The nick is in the transcribed strand for pLJ-17 and in the nontranscribed strand for pLJ-18. In plasmids pLJ-19 and -20, the nicking site is located Ϸ2 kbp from the RNA start site of the E4 promoter, in the transcribed strand for pLJ-19 and in the nontranscribed strand for pLJ-20. R3 Lac repressor, which forms a homodimer, and is, as a consequence, monovalent for DNA-binding (39, 40) , was used to confine sliding clamps loaded at the single nick of pLJ-17 and -18 to an Ϸ100-bp DNA segment. Confinement was relieved by adding isopropyl ␤-D-thiogalactopyranoside (IPTG) (41, 42) . 1 and 2) or nicked pLJ-6 (lanes 3 and 4) were assembled with 11 pmol of ␤-VP16, without ␥ complex (lanes 1 and 3) , or with 3.7 pmol of ␥ complex. initiation complex, in which it (gp45) touches at least two subunits of the T4-modified RNA polymerase holoenzyme (46) . We examined whether transcriptional activation by VP16-␤ also requires an open DNA track between the enhancer and the promoter. When the R 3 Lac repressor binds to the Lac operators flanking the DNA nick in pLJ-17 or -19, it confines VP16-␤ to an Ϸ100-bp segment of intervening DNA (Fig. 2B) . R 3 Lac repressor strongly diminished transcriptional activation by VP16-␤ but had no effect on basal transcription (Fig. 5B) . IPTG, which detaches Lac repressor from its operator, substantially relieved the inhibition of activated transcription (in Fig. 5B , compare lanes 4, 3, and 2 with lanes 10, 9, and 8), but it had no effect on basal transcription (lanes 6 and 12). While nonspecific loading sites for loading VP16-␤ may eventually be generated by random nicking of DNA in this crude system, the effects of R 3 Lac repressor and IPTG show that most of the transcriptional activation in this experiment derives from VP16-␤ loaded at the specific gpII nick.
In prior experiments on transcriptional activation in the presence of histone H1, diverse activators functioned from DNA-binding sites located within Յ300 bp of the promoter; activation at greater separations required nucleosomes as well as histone H1 (47, 48) . Transcriptional activation in vitro in the presence of histone H1 only and with an enhancer that is separated from the promoter by 2 kbp (Fig. 5) is unprecedented, and it constitutes additional strong evidence that activation is primarily contributed by molecules of VP16-␤ that track along DNA from their intended loading site toward the promoter. The absence of polarity, manifested as equivalent transcriptional activation in pLJ-17 and -18 and in pLJ-19 and -20 ( Fig. 5A ) provides a striking contrast to transcriptional activation by the phage T4 gp45 sliding clamp, which has a strict requirement for a unique polarity of DNA loading (8, 9) . This basic difference is probably due to the fact that the activation domain of VP16 is unstructured (24) and not rigidly connected to the ␤ sliding clamp. Strict geometric constraints probably govern activation of the phage T4 late RNA polymerase holoenzyme (and perhaps bacterial RNA polymerases more generally); comparable constraints may be minimal for activated-when-touched (22, 23, 49, 50) eukaryotic RNA polymerase II.
DISCUSSION
These experiments suggest how topologically linked transcriptional activators might function in the context of eukaryotic transcription. The use of entirely heterologous components to construct the transcription systems emphasizes the potential generality of the activation mechanism. We constructed proteins with transcriptional activation domains covalently linked to the sliding clamp, but it should also be possible to fuse activators to noncovalent protein ligands of the sliding clamps, such as human p21 (51) or T4 phage gp55 (52) . The ability to separate transcriptional activation from requirements for sitespecific attachment to DNA should also open new possibilities for analyzing reaction pathways in initiation of transcription by RNA polymerase II.
It is appropriate to emphasize the distinction between DNA tracking by topologically linked proteins and DNA scanning by DNA-binding domains of proteins that are not topologically confined to it. DNA tracking by ␤-VP16 and VP16-␤ fusion proteins requires no affinity for DNA whatsoever; their range is limited only by the one-dimensional diffusion constant and the stability of the topological linkage. On the other hand, scanning of nonspecific DNA sequences by DNA-binding proteins, such as Lac repressor, depends on lateral transfer between weak binding sites and, unless sustained by additional DNA valences that support a kind of brachiation, is characteristically short range (53) (54) (55) (56) .
It will, of course, be appropriate and desirable to extend this line of experiments to include chromatin templates. However, the work that is presented here does serve as a demonstration of concept. Moreover, using nonnucleosomal DNA templates has made it possible to demonstrate unambiguously that transcriptional activation by the sliding clamps depends on DNA tracking. That will be (at best) difficult to prove in the context of chromatin because of DNA compaction and the consequent potentiation of activation through space. Be that as it may, the following considerations lead us to expect that topologically linked transcriptional activators can be made to function in the context of eukaryotic chromatin: (i) Nucleosomes are not fixed on DNA but mobile (57) (58) (59) . Thus, although the rate of sliding of topologically linked proteins may be considerably limited by chromatin, the continuous action of chromatin remodeling factors should prevent sliding clamps from being completely immobilized by nucleosomes. (ii) Proteins that track along DNA should be capable of activating eukaryotic transcription through space, just as site-specifically bound activators are thought to do. Chromatin may extend the range and effect of topologically linked and physically bound transcriptional activators by compacting and organizing the intervening DNA. (iii) The RNA polymerase holoenzyme may carry its own nucleosome disruption machinery, although that issue is not entirely resolved (60, 61) .
One can see no reason why the participation of topologically linked and physically bound transcriptional activators should necessarily be mutually exclusive; rather, it should be possible for them to act in concert. Harnessing transcriptional activation by topologically linked proteins to gene-specific action should also be possible. Regionally and temporally confined action could, for example, be secured by regulating the synthesis of the transcriptional activator, specifying the DNAloading site with a sequence-specific endonuclease, and limiting the sliding range of the activator on DNA with boundary elements.
